Aqueous humor is formed by the ciliary processes and exits the eye mainly at the anterior chamber angle. Intraocular pressure (IOP) is determined by the dynamic equilibrium of the aqueous humour formation and outflow through the conventional outflow pathway or the unconventional route.[@bib1] The resistance to aqueous humor outflow through the conventional path is usually expressed by the outflow facility coefficient (C, mL/min/mm Hg). Impairment of the conventional outflow pathway leads to a decrease in the outflow facility and an increase in IOP, which is the major risk factor for progression of glaucoma.[@bib2]

Although outflow facility measurement is not adopted in routine clinical practice, it is an important research tool for revealing the physiological properties of the eye and the different mechanisms of antiglaucoma medications and surgeries.[@bib3]^,^[@bib4] Electronic Schitøz tonometry[@bib5] and pneumatonography[@bib6] have been used to measure the outflow facility in numerous studies. Outflow facility was calculated from the pressure decay curves, and then the C value was estimated using the Langham\'s pressure-volume relationship tables and a polynomial fitted to the decay curve. Although it has been verified that a decreased outflow facility causes IOP elevation in most types of glaucoma, the factors controlling the outflow facility remain largely unknown.[@bib7]

Earlier laboratory research has shown that the primary site of conventional outflow resistance mainly involves the trabecular meshwork and the inner wall region of the Schlemm\'s canal (SC),[@bib8] but depending on the traditional methods used (electronic Schitøz tonometry or pneumatonography), the pathophysiological changes (the configuration of anterior chamber angle, the morphology of SC, and trabecular meshwork \[TM\]) in the outflow pathway cannot be observed that coincide with changes in the outflow resistance. Thus the mechanism and precise location of the outflow resistance of the aqueous humour remains unclear. In this study, we estimated the outflow facility coefficient (C) as a function of the cross-sectional area of SC (SCAR), using noninvasive oculo-pression tonometry (OPT) to gain insight into the mechanism underlying the outflow resistance.

Methods {#sec2}
=======

Ethics Statement {#sec2-1}
----------------

The study protocols were approved by the ethics committee of Tongji Hospital and registered with the Chinese clinical trials registry (ChiCTR-ROC-16008832). Written informed consent was obtained before enrollment from all the participants, in accordance with the tenets set forth in the Declaration of Helsinki.

Study Subjects {#sec2-2}
--------------

Twenty-five healthy volunteers from Tongji Hospital in Wuhan (Hubei Province, China) were recruited between June 2019 and October 2019. A single eye was enrolled randomly for all subjects.

Inclusion criteria were as follows: (1) IOP \< 21 mm Hg and normal ophthalmoscopic appearance of the optic nerve (cup-to-disc ratio \< 0.5 in both eyes, cup-to-disc ratio asymmetry \< 0.2, absence of hemorrhage, and localized or diffuse rim thinning); (2) age \> 18 years; and (3) no history of use of medication that affects the circulatory system within the month before enrollment.

Exclusion criteria were as follows: (1) Best-corrected visual acuity \< 20/20; (2) refractive error (RE) ≤ −6.0 D and RE ≥ +3.0 D; (3) presence of other eye diseases such as age-related macular degeneration, retinal detachment, or a history of previous eye operations; and (4) history of or current hypertension or diabetes or familial history of these conditions.

Acute Transient Elevation of Intraocular Pressure Measurement {#sec2-3}
-------------------------------------------------------------

IOP was measured in the sitting position by using an I-care rebound tonometer (I-Care Finland Oy, Vantaa, Finland). The ophthalmodynamometer (Luneau L150, Luneau Technology, Pont-de-l\'Arche, France) was used to apply external pressure on the eyeball through the temporal lower lid, with the device held perpendicular to the globe. According to the ophthalmodynamometer scale, the external force applied (0.15 N) increased the IOP by a fixed amount. One experimenter (H.T.) kept the ophthalmodynamometer steady in place while another experimenter (C.W.) measured and read the IOP readings (every 10 seconds for 4 minutes) and the third experimenter (Q.F.X.) recorded the data (the timepoints and the IOP readings).

Outflow Facility Coefficient Calculation {#sec2-4}
----------------------------------------

When the external force (0.15 N) reached the set pressure reading on the ophthalmodynamometer scale, the maximum IOP was achieved and the IOP one-phase decay curve over time was recorded for 4 minutes ([Fig. 1](#fig1){ref-type="fig"}). The outflow facility coefficient C can be calculated from the experimental data as follows:[@bib9]$$C\; = \;\frac{\frac{dP}{dt_{1}}\; \cdot \;\frac{1}{KP_{1}} - \;\frac{dP}{dt_{2}}\; \cdot \;\frac{1}{KP_{2}}}{P_{2} - P_{1}},$$where P~1~ and P~2~ correspond to different IOP recordings. K is the ocular rigidity coefficient, and C is the outflow facility coefficient.

![IOP decay curve over time. The *blue triangles* are the IOPs at specific times.](iovs-61-8-36-f001){#fig1}

The pressure data recorded during the outflow measurement were filtered using an exponential custom fit for each subject, using the following equation: $$f^{'}\left( t \right)\; = \; P_{plateau} + P_{span\;} \times \; exp^{- at},$$where f′(*t*) corresponds to the rate constant in units that are the derivative of the X-axis units. P equals P~0~ at t = t~0~, then decays down to a plateau in one phase.

Schlemm\'s Canal and Trabecular Meshwork {#sec2-5}
----------------------------------------

After the four-minute IOP recording, a 30-minute rest period was provided. Then, the IOP and anterior segmental image were captured (baseline). Subsequently, the external force was again applied to the eyeball through the temporal lower lid, using a fixed amount (0.15 N) for four minutes. An anterior segmental image and IOP were obtained immediately (T0) and sequentially for four times, every one minute (T1, T2, T3, and T4).

Rectangle scans were used to assess the nasal regions of the selected eye of each subject by using the anterior segment module of the Spectralis optical coherence tomography (OCT) scanner (EDI-OCT; Spectralis; Heidelberg Engineering GmbH, Dossenheim, Germany). For a rectangular area of 15 × 5°, 21 serial EDI-OCT B-scans were obtained (20 frames were stacked to generate one EDI OCT B-scan). All OCT tests were performed under standardized darkroom photopic conditions (ca. 3.5 lux).

Conjunctival vessels and iris crypts were used as landmarks to scan the same limbal area. The SCAR (µm^2^), the coronal diameter of SC (µm), the meridional diameter of SC (µm), nasal trabecular iris angle at 500 µm (TIA500°), and trabecular meshwork thickness (µm) were measured using the Image J software (version 1.45 S; National Institutes of Health, Bethesda, MD, USA) ([Figs. 2](#fig2){ref-type="fig"}A--[2](#fig2){ref-type="fig"}C).[@bib10]^--^[@bib12] The measurements were performed by two observers (W.C, T.H); cases of discrepancy \>15% were resolved by consulting the senior author (J.M.W). The data were recorded and stored for later statistical analysis.

![**A,** Anterior chamber angle image. SS, scleral spur; TIA500, trabecular iris angle (Apex in the iris sulcus and arms passing through the point 500 µm from SS and the point perpendicularly opposite on the iris). **B,** The *white circle* represents the SC lumen. *a--b line*: the meridional diameter of SC; *c--d line*: the coronal diameter of SC. **C,** The *dotted line* shows the meshwork inner layer and trabecular meshwork thickness calculated by the mean values of the perpendicular distance of *e and f lines* from the SC inner wall to the meshwork inner layer. The *e-line* is at the midpoint of the SC cross-sectional opening, and *d-line* made at the anterior endpoint of SC.](iovs-61-8-36-f002){#fig2}

Statistical Analysis {#sec2-6}
--------------------

All statistical analyses were performed using SPSS software (Version 16.0; SPSS Inc., Chicago, IL, USA). The data are presented as mean values ± standard deviations (means ± SDs). One-way repeated-measures analysis of variance was used to compare variations in the SCAR, the coronal and meridional of SC, IOP, TIA500, and thickness of the trabecular meshwork (TMTH) at different time-periods (baseline and every one minute for four minutes). Linear regression analyses were adopted to examine the relationship between the C value and SCAR at baseline, the differences in SCAR at maximum IOP and baseline (ΔSCAR), baseline IOP, and the differences in IOP between maximum and baseline (ΔIOP). All tests were two-tailed. Statistical significance was defined as a *P*-value \< 0.05.

Results {#sec3}
=======

Twenty-five eyes from 25 healthy subjects (11 males and 14 females), aged 24--27 years (25.04 ± 1.27 years) were included in the study. The mean axial length was 24.24 ± 0.80 mm, and the mean baseline IOP was 16.8 ± 2.5 mm Hg before the procedure, as determined with the I-care ([Table 1](#tbl1){ref-type="table"}). The value of C~0~ (C**~0~** corresponding to the initial maximum IOP) of all subjects was 0.020 ± 0.017. There was a significant inverse dependency of the C value on the IOP level (exponential one-phase decay curve; *R*^2^ = 0.945) ([Fig. 3](#fig3){ref-type="fig"}), which was evident in all subjects. The average C value for the IOP was 0.018 ± 0.0071 µL/min/mm Hg at 40 mm Hg, which increased to an average of 0.058 ± 0.0146 µL/min/mm Hg at 20 mm Hg ([Table 2](#tbl2){ref-type="table"}).

###### 

Baseline Characteristics

  Parameters                            Values
  ------------------------------------- --------------
  Number of subjects                    25
  Number of eyes                        25
  Age (year)                            25.04 ± 1.27
  Sex (number of individuals studied)   
   Female                               14
   Male                                 11
  IOP (mm Hg)                           16.8 ± 2.5
  Refractive error (diopter)            −2.3 ± 1.5
  Central cornea thickness (µm)         550 ± 13.6

![**A**, There was a significant nonlinear dependency of the C value on the IOP levels (Exponential one-phase decay curve). C value continuously declined with an IOP above 20 mm Hg. **B**, SCAR was found decreased, as expected, by the increased IOP. *Asterisk* denotes statistically significant differences (one-way repeated-measures analysis of variance, *P* \< 0.05).](iovs-61-8-36-f003){#fig3}

###### 

Measuring of Outflow Facility Coefficient in Different IOP Levels

  IOP (mm Hg)   C Value (µL/min/mm Hg)
  ------------- ------------------------
  40 mm Hg      0.018 ± 0.0071
  35 mm Hg      0.019 ± 0.0062
  30 mm Hg      0.021 ± 0.0086
  25 mm Hg      0.023 ± 0.0108
  20 mm Hg      0.058 ± 0.0146

Data are presented as mean ± standard deviation.

The SCAR was 5440.0 ± 3140.8 µm^2^ at 16.8 mm Hg at baseline, which decreased to 3947.6 ± 2246.8 µm^2^ at 38.6 mm Hg at T0, then returned to 5375.7 ± 2662.7 µm^2^ at 14.4 mm Hg at T~4~ ([Fig. 4](#fig4){ref-type="fig"}). The SCAR correlated significantly with the IOP levels from baseline to T4 (R^2^ = 0.9944; *P* \< 0.001 ([Figs. 5](#fig5){ref-type="fig"}A, [5](#fig5){ref-type="fig"}B).

![The anterior chamber angle images were obtained during different time-points of the study. SC lumen appeared collapsed at T0 and gradually returned at T4, both of which were compared to the image at baseline. The *white circle* depicts the SC lumen. Time points: An anterior segmental image was obtained before (baseline), immediately (T0), and sequentially, four times, every 1 minute (T1, T2, T3, and T4).](iovs-61-8-36-f004){#fig4}

![**A,** Histogram of the SCAR and IOP at the different time-points. SCAR decreased significantly at T0 and then returned to baseline at T4; IOP increased, as expected, at T0 and returned to baseline at T4. The black bars depict the SCAR and the gray bars depict the IOP. **B,** The line chart of SCAR and IOP at different timepoints. There was a significant correlation between the SCAR and IOP. **C,** Histogram of the coronal and meridional diameter of SC at different time-points. Both of the coronal and the meridional diameter of SC decreased significantly at T0. The black bars depict the coronal diameter of SC and the gray bars depict the meridional diameter of SC. **D,** There were no significant variations of TM-thickness and TIA500 at different stages. The *black bars* depict the TIA500, and the *gray bars* depict the TM-thickness. Asterisk (\*) denotes statistically significant differences (One-way repeated-measures analysis of variance).](iovs-61-8-36-f005){#fig5}

The coronal diameter of SC decreased significantly from 33.02 ± 11.3 µm at baseline to 26.6 ± 9.37 µm at T0 and returned to 32.3 ± 9.53 µm at T4. The meridional diameter of SC decreased significantly from 259.4 ± 90.0 µm at baseline to 251.2 ± 91 µm at T0 and returned to 258.7 ± 73.5 µm at T4. There were no significant differences in trabecular meshwork thickness and TIA-500 at any different time-points ([Figs. 5](#fig5){ref-type="fig"}C, 5D).

There was a significant correlation between the C**~0~** and the SCAR and IOP at baseline. At four minutes, after applying a stable external force, C**~0~** correlated with the differences in SCAR and IOP between T0 and T4 (ΔSCAR and ΔIOP, respectively; [Figs. 6](#fig6){ref-type="fig"}A--6D).

![**A,** There was a significant correlation of C~0~ and SCAR (*R*^2^ = 0.224; *P* = 0.016); **B,** There was a significant correlation of C~0~ and ΔSCAR (*R*^2^ = 0.189; *P* = 0.02); **C,** There was a significant correlation of C~0~ and IOP (*R*^2^ = 0.351; *P* = 0.0018); **D,** There was a significant correlation of C~0~ and ΔIOP (R^2^ = 0.313; P = 0.0036).](iovs-61-8-36-f006){#fig6}

Discussion {#sec4}
==========

Ocular pression tonometry (OPT) was first applied by Ulrich in 1987,[@bib13] in glaucoma patients, to assess the outflow facility in a manner similar to the tonography performed. Ocular parameters can be measured simultaneously in the process of OPT. Because the OPT is easier to perform and is better tolerated than the standard tonography techniques, it has been widely adopted in recent years.[@bib15]^--^[@bib19]

In this study, the outflow facility coefficient (C) was influenced by the balance of IOP and outflow steady rate, which reflects the resistance to the aqueous humor outflow. Using OPT in vivo in healthy human eyes, we demonstrated that morphology changes in the SC and outflow facility are significantly linked and that, when the IOP exceeds 20 mm Hg, the outflow facility starts to decline markedly.

SC has attracted considerable interest in recent years, due to the unique microstructure of the endothelial cells in the inner wall and its potential function in keeping IOP stable.[@bib20]^,^[@bib21] The aqueous humor flows through the conventional pathway, comprised of the trabecular meshwork and SC, and drains into the collecting channels and aqueous veins. Outflow resistance is mainly generated near SC, but the precise location and mechanism by which this dissipation occurs, remain a matter of contention. Some investigators have proposed that the resistance arises in the juxtacanalicular connective tissue (JCT) in particular, because of the abundant extracellular matrix and collagens.[@bib22] However, the hydraulic conductivity, which reflects the flow resistance across the connective tissue, is extremely low in the JCT (about 65 × 10^−14^ cm^2^ as calculated by porous media theory[@bib23] and 2000--10,000 × 10^−14^ cm^2^ based on photomicrographs[@bib24]). Accordingly, numerous investigators have concluded that the JCT would generate an insignificant fraction of outflow resistance.[@bib23]^--^[@bib26] The pores and giant vacuoles of the endothelium of the SC are also thought to modulate the aqueous humor outflow resistance.[@bib27] In morphologic studies, mathematical modeling revealed that the dilation of SC led to an increased outflow facility.[@bib28]^,29^ By using a morphometric analysis system, Allingham et al.[@bib29] found that the reduction in SC dimensions in eyes with primary open-angle glaucoma may account for approximately half of the decrease in the outflow facility. In our study, after the acute IOP elevation, there was a significant decrease in the SCAR, which was accompanied by a decrease in the outflow facility in the healthy subjects; however, the thickness of the trabecular meshwork remained unchanged. Changes in the SCAR from 0 to 4 minutes after the external pressure elevation, correlated significantly and positively with the outflow facility coefficient. Thus, reduction in SC area accounts for the decrease in the outflow facility in the healthy subjects in vivo.

During the examination process, the tonometer applies a constant force to the eye, elevating the IOP. As the IOP decays back to a steady-state, the rate of decay is calculated to determine the outflow facility. The principle is mainly based on the Goldmann equation[@bib30] and measures the rate of IOP drop to plateau levels over about 4 minutes, as follows: $$F\; = \;\left( {P - P_{e}} \right) \times C - F_{u},$$where *F* is the aqueous humor flow rate, *P* is the intraocular pressure, *P~e~* is the episcleral venous pressure, *C* is the outflow facility coefficient, and *F~u~* is the outflow rate through the unconventional pathway. In our study, C was measured at a wide range of IOPs, based on this principle. We found that C strongly depended on the IOP and the exponential one-phase decay curve best-fit dependence of C and IOP (*R*^2^ = 0.945). The result is similar to that reported by Karyotakis et al.,^10^ who found a non-linear correlation of C and different IOP levels by using an invasive pump connected with a pressure transducer prior to the cataract surgery.

Reducing IOP is the only evidence-based treatment for glaucoma disease.[@bib31] Several treatments are expected to target the outflow facility to modulate IOP. For instance, breathing nitric oxide has been used to reduce IOP and increase the outflow facility.[@bib32] Tissue plasminogen activator has also used to modulate the outflow facility and control IOP.[@bib33] After phacoemulsification cataract surgery, Alaghband et al.[@bib34] found that the C value improved from 0.14 ± 0.07 before surgery to 0.18 ± 0.09 µL/min mm Hg, which was accompanied by a decrease in the IOP from 15.9 ± 3.66 mm Hg to 13.9 ± 2.9 mm Hg. After timolol treatment, the authors observed that the eye with a higher outflow facility had a larger posttreatment decrease in the outflow facility to achieve a stable IOP level.[@bib35] Various explanations have been proposed for the mechanism by which outflow facility may modulate IOP and retain a stable pressure. Stamer et al.[@bib36] hypothesized that the outflow resistance within the conventional outflow pathway is constantly adjusted in response to the cell stretch caused by the fluctuating IOP; the mechanism might involve extracellular matrix turnover but would require hours and up to several days.[@bib37] However, in our study, the C value did not increase but rather rapidly and continuously declined with an IOP above 20 mm Hg. We considered that the acute pressure increases directly affected the traditional outflow pathway by causing a collapse of SC within the short time-frame of a few minutes. In addition to the decreased SCAR, the coronal diameter of SC but not the trabecular meshwork thickness was found to have decreased markedly, and it seemed that the trabecular meshwork migration into the SC had not occurred. After instillation of tropicamide (to suppress smooth muscle activity), Kagemann et al.[@bib16] found that the SCAR reduced from 4597 ± 2503 µm^2^ to 3588 ± 1198 µm^2^, and the SC inner-to-outer wall distance decreased from 2.34 µm to 0.18 µm during the similar constant increase in the acute IOP (6 mm Hg). This implies that a control system maintains the SC patency. This should be investigated further in future.

There are a few limitations to our study. First, only young healthy subjects were enrolled. Further research is required to identify whether these changes also occur in elderly people and glaucoma patients. Second, both the nasal and temporal regions were adopted in most of the previous studies. After consideration of the tolerance of subjects and the distortion of the temporal limbus, only one quadrant (nasal side) was chosen. TIA500 of the nasal point was calculated, and it was found to be slightly decreased at T0, but there were no significant differences from the baseline to T4, which implies the stable structure of the anterior chamber in the nasal region. In our previous study, we observed that SC lumen tends to open circumferentially in normal individuals by EDI-OCT.[@bib38] Further research is required to determine the correlation of circumferential of SC and the outflow facility using advanced equipment and methods.

In conclusion, we used OPT to calculate the ocular parameters at the same time as measuring the outflow facility, which has not been reported previously. We found that the dimensions of SC changed in response to the IOP-dependent mechanical force and that these changes appeared to directly affect outflow facility. This study provides insight into the mechanism of outflow facility impedance and can form the basis for further research.

The authors thank Yan Xiang and Chaohua Deng for their support in this study.

Supported by the Natural Science Foundation of China (NO: 81974133).

Disclosure: **W. Chen,** None; **T. Hu,** None; **Q. Xu,** None; **Z. Chen,** None; **H. Zhang,** None; **J. Wang,** None

[^1]: WC and TH contributed equally.
